The synthesis and crystal structure of a diiron(II) complex containing a bridging semiquinonate radical are presented. The unique electronic structure of this S = 7/2 complex is examined with spectroscopic (absorption, EPR, resonance Raman) and computational methods.
participate in multiple proton-and electron-transfers. 1 HQs undergo reversible one-and two-electron oxidations to yield semiquinone radicals (SQs) and quinones (Qs), respectively. These redox events typically involve loss of proton(s), such that the net reaction is H-atom transfer. 2 In biochemical processes, HQ cofactors are often associated with one or more redox-active metal ions. For instance, photosystem II incorporates two quinones (QA and QB) that shuttle electrons away from the primary electron donor, P680. 3 In close proximity to both quinones is a nonheme mononuclear Fe center, and recent spectroscopic studies have detected significant magnetic interactions between the high-spin Fe(II)center and semiquinone forms of QA and QB. 4 In addition, substituted HQs are generated as part of the microbial breakdown of halogenated and nitro aromatic compounds. In these cases, the HQs are oxidatively degraded by ring-cleaving dioxygenases (HQ dioxygenases, HQDOs) with nonhememonoiron active sites. 5 Even in these enzymes the electroactive nature of HQs is critical, since the key intermediate in the putative catalytic cycle is a superoxo-Fe(II)-semiquinone complex. 6 In the course of our efforts to develop synthetic models of HQDOs, we recently prepared the diiron(II) complex [Fe2( Ph2 Tp)2(μ-DMHQ)] (1; Scheme 1), where DMHQ is the dianion of 2,5-dimethoxyhydroquinone and Ph2 Tp is hydrotris(3,5-diphenylpyrazol-1-yl)borate(1−). 7 X-ray diffraction (XRD) analysis revealed that 1 is a centrosymmetric complex with two high-spin, five-coordinate Fe(II) centers linked by a closed-shell p-hydroquinonate ligand (the Fe···Fe separation is 8.15 Å). Here, the magnetic and electrochemical properties of 1 are examined in detail. We report that one-electron oxidation of 1 yields a unique diiron(II) complex, [2] + , containing a bridging p-semiquinonate ligand (DMSQ •− ). The geometric and electronic structures of [2] + are verified on the basis of crystallographic, spectroscopic, and computational methods. To the best of our knowledge, [2] + is the first crystallographicallycharacterized complex to feature Fe(II) center(s) bound to a SQ radical. 8, 9 The results therefore have the potential to advance our fundamental understanding of metal/SQ interactions in biological systems. Moreover, dinuclear complexes with "noninnocent" bridging ligands have attracted considerable attention lately due to their novel electronic and magnetic behavior; 10 this manuscript contributes a new member to this fascinating class of compounds. Complex 1 is easily generated by mixing equimolar amounts of FeCl2 and K( Ph2 Tp) with 0.5 equiv. of Na2(DMHQ) in MeCN, followed by recrystallization from CH2Cl2/Et2O. 7 The 1 H NMR spectrum of 1 in CD2Cl2, shown in Fig. S1 (see ESI †), reveals an abundance of paramagnetically-shifted peaks between δ = +60 and −20 ppm. Using the Evans method, an effective magnetic moment (μeff) of 6.3 μB was measured at room temperature for 1, which is reasonably close to the spin-only value of 6.93 μB expected for a molecule with two uncoupled high-spin (S = 2) Fe(II) centers. Consistent with this result, broken symmetry (BS) calculations 11 using density functional theory (DFT) computed a J-value (exchange coupling parameter) of −2 cm −1 for 1, indicative of very weak antiferromagnetic interactions. 12 The redox activity of 1 was examined in CH2Cl2 with 0.1 M [NBu4]PF6 as the supporting electrolyte. The cyclic voltammogram (CV) exhibits a reversible couple at E1/2 = −570 mV versus Fc +/0 (ΔE = 130 mV), along with several irreversible events at more positive potentials (Fig. S2, ESI †) . It is instructive to compare this CV to the one reported previously for [Fe( Ph2 Tp)(2-MHQ)] (3; where 2-MHQ is the anion of 2-methoxyhydroquinone). Even though 1 and 3 feature nearly identical Fe coordination environments, the latter complex is oxidized at a much higher potential (−50 mV). 7 We therefore surmised that the −570 mV redox couple of 1 corresponds to a ligand-based event. To explore this possibility, complex 1 was treated with 1.0 equivalent of AgPF6 in The X-ray structure of [2] + reveals a centrosymmetric diiron unit with the same atomic composition as 1 (Fig. S3 , ESI †). Metric parameters for both complexes are provided in Table 1 . The average Fe−NTp bond length of [2] + (2.094 Å) is only slightly shorter than the value observed for 1 (2.143 Å), suggesting that both Fe centers belong to the ferrous state. The Fe coordination environments are distorted between trigonal-bipyramidal and square pyramidal (τ 13 = 0.34). The most dramatic structural changes upon conversion of 1→ [2] + involve the bridging ligand. In the crystal structure of 1, the C-C bond lengths of the DMHQ 2− ligand are essentially identical (1.391 ± 0.004 Å) and the O1-C1 distance is 1.329(5) Å -typical values for p-hydroquinonate anions. 7 By contrast, the corresponding ring in [2] + displays a pronounced quinoid distortion involving elongation of the C1-C2 and C1-C3 bonds and shortening of the C2-C3 bond. In addition, the O1-C1 distance of [2] + contracts to 1.287(2) Å (Table 1) . Such metric parameters require a semiquinone assignment for the bridging ligand in [2] + , based on well-established guidelines for the evaluation of dioxolene oxidation states.
14 Thus, the X-ray diffraction data support our hypothesis that oxidation of 1 is a ligand based NOT THE PUBLISHED VERSION; this is the author's final, peer-reviewed manuscript. The published version may be accessed by following the link in the citation at the bottom of the page.
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process, such that [2] + is best formulated as [(Fe
The electronic structure of [2] PF6 was examined with spectroscopic and computational techniques. The X-band EPR spectrum exhibits a peak at geff = 13.9 and a derivative-shaped feature at geff = 5.4 ( Fig. 2) . Since half-integer spin systems cannot give rise to features with geff > 4S (assuming real g-values near 2.0), 15 the EPR results suggest that [2] + possesses a spin of 7/2. Indeed, as shown in Fig. 2 , the data is nicely simulated assuming S = 7/2 and the following spin-Hamiltonian parameters: D = +7(2) cm −1 , E/D = 0.11 (2) , and greal = 2.3, 2.2, 2.1.
16 These values were obtained by fitting EPR spectra measured at temperatures ranging from 5 to 20 K. The g = 13.9 peaks therefore arises from the lowest-energy MS = ±1/2 doublet, while the derivative signal at 5.4 is due to the MS = ±3/2 doublet; 15 as expected, the former diminishes at higher temperatures while the latter gains in relative intensity (Fig. S4 , ESI †). The electronic origin of this unique EPR signal was elucidated with the aid of DFT. Using the crystallographic coordinates, a calculation with S = 7/2 converged to a wavefunction consisting of two high-spin Fe(II) centers antiferromagnetically coupled to the bridging DMSQ radical (Fig. 3, left) . Geometry optimizations indicate that this electronic configuration is the most stable one on the S = 7/2 surface (bond distances for the optimized model are shown in Table 1 ). A Jvalue of −83 cm −1 per Fe/DMSQ interaction was computed using the BS formalism. 17 Thus, unlike the closed-shell DMHQ ligand, the bridging radical in [2] + is capable of mediating significant exchange interactions between the Fe-based spins, which are separated by 8.22 Å in the crystal structure. A similar spin topology was observed by Dei and Gatteschi for a diferric complex containing a bridging SQ ligand. 18 In this case, the overall spin is 9/2 and the J-value is considerably larger at −370 cm −1 . Fig. 3 (Left) Spin coupling topology for [2] + that gives rise to overall spin of 7/2.
(Right) DFT-generated isosurface plot of the [2] + SOMO.
The radical character of the [2] + bridging ligand is illustrated by the singly-occupied molecular orbital (SOMO) shown in Fig. 4 , which is almost exclusively localized on DMSQ. This MO contributes to the intense electronic transitions that appear in the visible region, according to time-dependent DFT (TD-DFT) calculations that reproduce the experimental [2] + spectrum reasonably well (Fig. S5 , ESI †). TD-DFT attributes the absorption manifold centered at 440 nm to multiple Fe(II)→DMSQ metal-to-ligand charge transfer (CT) transitions, while the higher-energy feature at 365 nm arises from a single DMSQ→Fe(II) ligand-to-metal CT transition. It appears that the existence of a ligand radical in [2] + is favored by the presence of lowsymmetry, five-coordinate Fe(II) geometries, which stabilize the Fe 3d-orbitals and remove their degeneracy. VERSION; this is the author's final, peer-reviewed 
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The nature of the bridging ligand was further probed via resonance Raman (rR) spectroscopy. As shown in Fig. 4 , the [2] + spectrum exhibits several intense peaks that are not evident in the precursor spectrum. The dominant feature at 1466 cm −1 is strongly enchanced by excitation into 440 nm absorption feature (Fig. S6 , ESI †), indicating that it corresponds to a DMSQ-based mode. The rR spectra of metal-bound o-dioxolenes typically display prominent peaks arising from C-O stretching modes. The frequencies of these modes are diagnostic of ligand oxidation state, appearing at 1250-1275 cm −1 for catecholates, 1400-1500 cm −1 for o-semiquinones, and 1620-1640 cm −1 for o-benzoquinones. 14b It is therefore reasonable to assign the dominant feature at 1466 cm −1 to the symmetric ν(O1-C1) mode of [2] + . Literature precedents indicate that the 575 cm −1 peak corresponds to the breathing mode of the five-membered chelates formed by each Fe center and the DMSQ ligand, while the resonanceenhanced peaks at 1412 and 1480 cm −1 likely involve modes that strongly mix ν(O1-C1) and intraligand C-C bond motions. 20 The rR data thus provides additional evidence for the presence of a DMSQ ligand in [2] + .
The results presented here open up intriguing possibilities for future research. The fact that the ligand-to-metal and metal-to-ligand CT bands of [2] + appear in close proximity (vide supra) indicates that the Fe-and DMSQ-based orbitals are nearly isoenergetic, making it difficult to predict whether further oxidations would be ligand-or ironcentered. Studies are therefore underway to examine the electronic structure of the species generated via one-electron oxidation of [2] + . In addition, we are developing mononuclear Fe(II)/semiquinone complexes that mimic the putative catalytic intermediate of HQDOs. accessed by following the link in the citation at the bottom of the page. 
Experimental Section
General methods: All reagents and solvents were purchased from commercial sources and used as received unless otherwise noted. Dichloromethane was purified and dried using a Vacuum Atmospheres solvent purification system. The compounds 2,5-dimethoxyhydroquinone 1 and K( Ph2 Tp) 2 were prepared according to literature procedures. The synthesis of complex 1 was reported in our previous manuscript. 3 The synthesis and handling of air-sensitive materials were carried out under an inert atmosphere using a Vacuum Atmospheres Omni-Lab glovebox.
Preparation of [2]PF6: [Fe2(
Ph2 Tp)2(μ-DMHQ)] (1, 98.0 mg, 0.0605 mmol) was treated with one equivalent of AgPF6 (16.1 mg, 0.0637 mmol) in CH2Cl2 (10 mL) for one hour. The resulting dark brown solution was filtered through celite and concentrated to approximately accessed by following the link in the citation at the bottom of the page.
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half of its original volume. Layering of this solution with pentane provided dark brown needles suitable for X-ray crystallography (69 mg, 62%). The X-ray structure found one uncoordinated CH2Cl2 molecule per unit cell, and elemental analysis indicates that some solvent (~0.4 equiv.) Cyclic voltammetric (CV) measurements were conducted in the glovebox with an epsilon EC potentiostat (iBAS) at a scan rate of 100 mV/s with 100 mM (NBu4)PF6. A three-electrode cell containing a Ag/AgCl reference electrode, a platinum auxiliary electrode, and a glassy carbon working electrode was employed. Under these conditions, the ferrocene/ferrocenium (Fc +/0 ) couple has an E1/2 value of +0.52 V in CH2Cl2.
EPR experiments were performed using a Bruker ELEXSYS E600 equipped with an ER4415DM cavity resonating at 9.63 GHz, an Oxford Instruments ITC503 temperature controller and ESR-900 He flow cryostat. The program EasySpin 4 was used to simulate the experimental spectra.
Resonance Raman (rR) spectra were obtained upon excitation with a Coherent I-305 Ar + laser with ~45 mW of laser power at the sample. The scattered light was collected using a 135° backscattering arrangement, dispersed by an Acton Research triple monochromator equipped with a 1200 groves/mm grating and analyzed with a Princeton Instruments Spec X 100BR deep depletion, back-thinned CCD camera. Solution samples of 1 and [2]PF6 were prepared in accessed by following the link in the citation at the bottom of the page.
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calculations TD-DFT calculations 11 computed absorption energies and intensities within the Tamm-Dancoff approximation. 12 In each case, at least 60 excited states were calculated. The gOpenMol program 13 developed by Laaksonen was used to generate isosurface plots of molecular orbitals.
Figure S1.
1 H NMR spectra of 1 in CD2Cl2. Peak intensities for the outer portions of the spectra were enlarged (× 2) for the sake of clarity. The solvent-derived peak is indicated with an asterisk(*). accessed by following the link in the citation at the bottom of the page. 
